Modern demographic models in conservation biology incorporate demographic and environmental stochasticity. Variability in vital rates, relationships among vital rates, and relationships between vital rates and the environment can affect projections from demographic models. We used a 30-year data set to estimate monthly mass-specific survival in hispid cotton rats (Sigmodon hispidus). Survival probabilities were estimated for both sexes and 3 mass classes using a multistate model and program MARK. We tested for differences in monthly survival among 3 mass classes, relationships between survival and environmental variables, and autocorrelation in survival. We found lower survival in summer for the smallest and medium mass classes. Survival in the largest mass class was positively autocorrelated during February and March, indicating that winter survival in large cotton rats is characteristic of a season, but that other monthly survival rates could be treated as unrelated to each other or to environmental variables.
Changes in vital rates (e.g., survivorship) in mammal populations can drive temporal changes in abundance. Thus, understanding natural variation in vital rates is central to formulating plans for recovery of endangered populations (Botsford and Brittnacher 1998; Norris and McCulloch 2003) , for sustained harvest of abundant species (Wilen et al. 2002) , and for understanding forces of natural selection (Tuljapurkar et al. 2003) . Vital rates can be affected by biotic factors such as predation pressure (Byrom et al. 2000; Clark et al. 2003b ) and high population density (Ozgul et al. 2004) . Abiotic conditions can affect vital rates either directly by influencing mortality (Sauer 1985) or indirectly by altering habitat quality or resource availability (Getz et al. 2005) .
Patterns in the variability of vital rates (e.g., autocorrelation) affect projections from demographic models (Mode and Root 1988; Tuljapurkar 1982; Tuljapurkar and Orzack 1980) . Positive autocorrelation in vital rates can increase the likelihood of extinction because low survival or fecundity rates will persist for several time intervals. Thus, knowledge of the relationships among vital rates is necessary to accurately model population dynamics. However, empirical studies of variability in vital rates of natural populations and the relationships among vital rates are uncommon. We use the hispid cotton rat (Sigmodon hispidus) as a representative species to examine patterns of variation in probability of survival in free-living small mammals.
The hispid cotton rat ranges from central Mexico into the central and southeastern United States (Cameron and Spencer 1981; Peppers et al. 2002) . The species recently has expanded its range northward (Genoways and Schlitter 1967) and is now relatively common in old-field habitats in northeastern Kansas (Swihart and Slade 1990) . Abundance of cotton rats in northeastern Kansas is characterized by annual cycles, with abundance being high in late autumn and low in spring (Brady and Slade 2004 ). Winter appears to be an influential season in the dynamics of these cotton rats. Cotton rat abundance is negatively affected by harsh winters (Clark et al. 2003a; Langley and Shure 1988; Rehmeier et al. 2005 ); increased energy demands in severe winters can lead to low survivorship (Campbell and Slade 1993) and lower abundance in the following months. Further, survival probability in winter is influenced by mass, with smaller and larger individuals surviving at a lower rate than medium-mass individuals (Campbell and Slade 1993) . The fact that weather in winter, a season with no reproduction, appears to exert the greatest influence on the dynamics of northern populations of cotton rats suggests that survivorship is an important vital rate.
Previous investigations at our study site in northeastern Kansas assessed survival in cotton rats, testing for differences among age and mass classes (Campbell and Slade 1993) or change in survivorship as a result of experimental food addition (Doonan and Slade 1995) . We use modern survival analyses and an additional 10 years of data to assess variation in survival rates and relationships between survival and environmental variability. We assessed differences in survival between sexes, among mass classes, and among months. Further, we tested for correlations between survival and several environmental variables, including cotton rat abundance. Finally, we assessed the presence, strength, and direction of cross-and autocorrelations in monthly survival. We expected to observe differential survival among mass classes, with medium-sized individuals having the highest survival in winter. Second, we expected survival to be positively related to winter temperature and negatively related to snowfall. Finally, we expected significant autocorrelation in survival, particularly in winter, and positive correlations among survival rates of males and females and among mass classes. Cotton rats of each sex were divided into 3 mass classes (1: 60 g; 2: .60-110 g; 3: .110 g), which correspond to prereproductives, small adults, and fully mature animals. We used a multistate model (Brownie et al. 1993 ) and program MARK (White and Burnham 1999) to estimate apparent monthly survival in the 3 mass classes. Data from biweekly trapping periods (1973) (1974) (1975) were pooled into monthly capture histories. Regression into a smaller mass class was uncommon (37 of 3,740 individuals); therefore, we constrained capture histories to allow individuals only to remain in a mass class or progress into a larger mass class to reduce the number of possible statistical models. We tested goodness-of-fit for each year of data using program U-CARE (Pradel et al. 2003) . Any overdispersion (i.e., statistically significant goodness-of-fit tests) was corrected by adjusting the variance inflation factor (ĉ) before model selection.
MATERIALS AND METHODS
The entire study included too many trapping periods to be analyzed as a single data set. Including partial capture histories may affect estimates of survival in the initial or terminal time periods in a series. Thus, we divided our data into nine 2-to 3-year intervals with 6 trapping-period overlaps between data sets, so that we analyzed data from complete capture histories for all individuals in the innermost 18-30 months. We included models with time, sex, and interaction terms for survival and recapture probability of the 3 mass classes and transitions between mass class 1 and 2 and mass class 2 and 3 in our set of candidate models. We used Akaike's information criterion (AIC c ) to select the most parsimonious model from the set of candidate models. We then discarded the 1st and last 3 survival estimates from each overlapping subset of data. Thus, we used a single survival estimate for each month based on data from at least 3 months before and 3 months after each. We used only estimates of apparent survival for months with !3 individuals in a mass class for further analyses.
Environmental and population variables.-We used data from the National Oceanic and Atmospheric Administration, Lawrence, Kansas, weather station to estimate monthly precipitation, growingseason precipitation (sum of March-August precipitation), mean monthly temperature, monthly snowfall, and maximum snow depth at the Nelson Environmental Study Area. We estimated the abundance of cotton rats using interpolated jackknife estimates from program CAPTURE (White et al. 1982 ) and filled in missing or unreliable estimates using previously established regression equations to predict population estimates from numbers of animals captured (Brady and Slade 2004) .
Statistical analysis.-We estimated the arithmetic mean of monthly survival rates for each sex and mass class. We used the variance discounting method of White (2000) to estimate the process (nonsampling) variance (S 2 ) of each survival estimate and then the mean standard error ( ffiffiffiffi ffi S 2 p ) for each month-mass class-sex combination. We used these data and program CONTRAST (Sauer and Williams 1989) to test for differences in apparent survival among mass classes within a month and among months within a mass class. We 1st tested the null hypothesis that survival was equal among groups for all periods. Rejection of that null hypothesis allows for a posteriori tests for differences in survival among months or mass classes using orthogonal contrasts. The same methods were used to test for differences in probability of recapture and transition between mass classes.
We used correlation analysis to assess relationships between environmental variables and apparent survival in each sex and mass class. We chose this method for computational reasons; using environmental variables as covariates within program MARK resulted in models that were too complex to analyze. We related apparent survival in a given month to environmental variables (mean temperature, monthly precipitation, monthly snowfall, maximum snow depth, and estimated cotton rat abundance) in that month and the 5 previous months, as well as the sum of precipitation in the previous growing season. We used a sequential Bonferroni adjustment to control type I error. We estimated autocorrelation in monthly survival of the 2 sexes and 3 mass classes with simple autocorrelation coefficients. To avoid problems associated with missing data in time-series analysis, we used the longest continuous time series available (10 years). We considered autocorrelation coefficients greater or less than 62 ffiffiffi ffi N p to be significant (Box and Jenkins 1990) .
RESULTS
Over the course of the study, we had a total of 14,669 captures of 3,740 individuals. Goodness-of-fit tests showed no violation of the assumption of homogeneity of capture probabilities or poor fit of the global model in any year of the study (all P . 0.1). The components of the most-parsimonious model varied among 9 subsets of data ( Table 1 ). All of the selected models included time as a factor in survival estimates and 7 of the 9 included some sex effect in survival estimates.
We found some differences among months in survival within mass classes 1 and 2 (Fig. 1) . Apparent survival in males and females of mass class 1 was lowest in June, July, and August (v 2 ¼ 9.4, d.f. ¼ 1, P , 0.002) and June (v 2 ¼ 14.1, d.f. ¼ 1, P , 0.001), respectively. We were unable to test for differences in apparent survival of individuals in mass class 1 in February-April because of low abundance. Males of mass class 2 had lowest survival in June, July, August, and September (v 2 ¼ 10.3, d.f. ¼ 1, P ¼ 0.001), whereas female survival in mass class 2 did not differ (v 2 ¼ 8.4, d.f. ¼ 11, P ¼ 0.67) among months. We found no differences in apparent survival among months within mass class 3 (male:
Survival among mass classes differed in July, with males of size class 1 and males and females of size class 2 having the lowest survival (v 2 ¼ 6.7, d.f. ¼ 1, P ¼ 0.009). We found only 1 difference in survival between sexes within a mass class. Survival of males was lower than that of females in mass class 2 in June (v 2 ¼ 4.0, d.f. ¼ 1, P ¼ 0.05). We found no temporal differences in recapture probabilities in mass class 1 (Fig. 2) ; however, we could not test for differences in February-April. Recapture probabilities for massclass 2 females were lower in April than in January-March (v 2 ¼ 4.2, d.f. ¼ 1, P , 0.04), whereas recapture probabilities in mass-class 2 males did not differ among months. Estimates of recapture probabilities for males in mass class 3 were highest in September and August and lowest in January, March, and December (v 2 ¼ 28.4, d.f. ¼ 2, P , 0.001). Similarly, recapture probabilities for females in mass class 3 were highest in August and September and lowest in January and December (v 2 ¼ 33.1, d.f. ¼ 2, P , 0.001). Transition probabilities between mass class 1 and 2 did not differ during the year (v 2 ¼ 10.4, d.f. ¼ 11, P ¼ 0.5; Fig. 3 ). We did find differences in transition probabilities from mass class 2 to 3 (v 2 ¼ 82.2, d.f. ¼ 11, P , 0.001; Fig. 3 ). Transition probabilities were lowest in winter (January and February) and highest in summer (June and July).
Survival of male and female cotton rats was positively correlated (P , 0.05) in every month within each mass class. However, after implementing a sequential Bonferroni adjustment, correlations were significant between sexes only in May and July-December for mass class 1; January, February, and September-December for mass class 2; and February, March, June-August, November, and December for mass class 3. We found few correlations in survival among mass classes after implementing a sequential Bonferroni adjustment. Survival in mass class 1 females was positively correlated with survival in We found only 2 significant correlations between cotton rat survival and environmental variables after using a sequential Bonferroni adjustment: female survival in mass class 2 in February was positively related to mean temperature in the previous December (r ¼ 0.67, d.f. ¼ 18, P ¼ 0.001) and mass class 3 female survival in July was negatively related to precipitation in June (r ¼ À0.65, d.f. ¼ 20, P ¼ 0.001). We found significant autocorrelation in winter survival of male and female mass class 3 individuals. Survival of large cotton rats in February was positively autocorrelated with survival in January and November for both males and females (Fig. 4) . Large cotton rat survival in March was positively autocorrelated with survival in February for males and February, January, and November for females (Fig. 5) .
DISCUSSION
Pronounced seasonal fluctuations in abundance of cotton rats in Kansas, with high numbers in autumn and low numbers in spring (Brady and Slade 2004; Rehmeier et al. 2005) , suggest some relationship between demography and environment. However, we found few differences in survival among months or relationships between survival and environmental variables.
The majority of the most parsimonious MARK models included a sex Â time interaction that implies differences in survival between sexes. However, when we tested for differences in survival between sexes in the long-term means we found no differences in mass classes 1 and 3 and 1 difference in mass class 2. Survival of males and females may be expected to differ when mortality factors are sex-specific. For example, the increased metabolic cost of reproduction may negatively affect female survival during the breeding season (Koivula et al. 2003) and winter survival may be lower for larger-bodied individuals in sexually dimorphic species (Aars and Ims 2002) . Examination of our data demonstrates that survival can differ between sexes of large cotton rats over relatively short temporal scales, but mean survival of males and females does not differ over a period of several years. We expected survival in mass classes 1 and 2 to be lower than in mass class 3 because of the increased likelihood of dispersal of these smaller animals (Diffendorfer and Slade 2002) . Apparent survival estimates include both mortality and permanent emigration, which would reduce apparent survival in the smaller mass classes. We did find lower apparent survival in summer for males and females in mass class 1 and males in mass class 2. These mass classes are the most likely to emigrate (Diffendorfer and Slade 2002) .
We had hypothesized that apparent survival in mass class 3 would vary through the year with higher survival in summer and lower survival in winter. Our study site is near the northern limit of the range of cotton rats (Cameron and Spencer 1981) and low temperatures and snow cover in winter negatively affect the abundance of cotton rats near the northern edge of their range (Clark et al. 2003a; Rehmeier et al. 2005) . Previous investigations in the region had demonstrated reduced survival of large cotton rats in winter (Campbell and Slade 1993) . In contrast to our expectations, we found no differences in survival within mass class 3 among months.
Studies of cotton rats throughout the species' range indicate that winter weather impacts northern populations (Campbell and Slade 1993; Clark et al. 2003a; Rehmeier et al. 2005) . Our finding of reduced transitions from mass class 2 to 3 but not from class 1 to 2 confirms 1 winter phenomenon. Severe winter weather negatively affects individual growth rates of larger cotton rats (Campbell and Slade 1993; Eifler and Slade 1999) , but not of smaller rats, in accord with Slade et al. (1984) .
Although we found little correlation between survival and environmental conditions in winter, we did find significant autocorrelation in winter survival. Survival of large (>110-g) cotton rats in February and March was positively autocorrelated with survival the preceding months, indicating that winter survival tended to be characteristic of a year rather than a month-specific phenomenon, whereas winter survival in smaller mass classes and in other months varied independently among months. Autocorrelation in vital rates may indicate density dependence (Swanson 1998 ). This seems unlikely for 2 reasons: density dependence was not previously found in cotton rats in northeastern Kansas (Brady and Slade 2004) , and we found no relationship between survival and abundance.
More likely, autocorrelation in winter survival indicates a relationship between large-adult survival and a combination of environmental factors. Relatively recent migration into temperate climates (Cameron and Spencer 1981) has exposed cotton rats to more variable climatic conditions, specifically harsh winters, for which the taxon may not be well adapted. Large cotton rats can have lower winter survival, relative to smaller adults (Campbell and Slade 1993) . However, the cause of decreased winter survival in large cotton rats may not be a single environmental factor (e.g., low temperature) but rather a combination of factors (e.g., low temperature, high snowfall, and increased predation).
This study provides insight into the interrelationships of vital rates that can influence the construction and analysis of demographic models (Tuljapurkar and Orzack 1980) . Examination of our data suggests that survival among sexes of cotton rats is similar throughout most of the year and that differential survival among mass classes is most pronounced in summer. However, the absence of significant cross-correlations among mass classes suggests that cotton rats within these mass classes respond differentially to the environment and must be modeled as discrete units. The lack of consistent relationships between cotton rat survival and environmental variables suggests that variability in survivorship is not driven by a single environmental factor. Theoretical studies of the effect of cross-and autocorrelation among vital rates have demonstrated the potential for these relationships to impact projections from demographic models (Mode and Root 1988; Tuljapurkar 1982; Tuljapurkar and Orzack 1980) . Examination of our data shows that some autocorrelations among vital rates are present in populations of cotton rats in Kansas and merit inclusion in demographic models. However, the same may not be true for other species in the region. Data on the presence and strength of relationships among vital rates in most mammalian species are lacking, because these analyses require long-term demographic data sets, which are uncommon. Additional analysis of existing data sets from other species or sites is necessary to better understand the relationships among vital rates and the environment in natural populations and to test theoretical predictions of the effect of these relationships on stochastic demographic models.
